Due to the difficult separation of superfine schorl powder (SSP) from solution after being used, millimetre-scale porous schorl ceramisite (PSC) was obtained through solid-phase sintering method and used as a heterogeneous catalyst for Fenton-like discoloration of organic dyes. SSP and PSC were characterized by X-ray diffraction, Fourier transform infrared spectroscopy and field emission scanning electron microscopy. The results demonstrated that both SSP and PSC were mainly composed of schorl and there existed large amounts of micropores on the surface of PSC. A series of control experiments indicated that PSC exhibited higher Fenton-like catalytic activity than SSP.
INTRODUCTION
As a main part of environmental pollutant sources, textile wastewater has caused extensive concern because it can change the water properties including temperature, color, pH, turbidity and organic content (Lopez-Lopez et al. ) . Several methods such as precipitation, irradiation, adsorption, ozonation oxidation and biological treatment have been attempted for the dye removal (Kurtan et al. ) . Due to the in situ generation of highly oxidative hydroxyl radicals (•OH), advanced oxidation processes have a great possibility for the largescale treatment of wastewater containing organic pollutants (Rusevova et al. ; Vaiano et al. , ) . Therefore, in situ generation of •OH derived from ironcatalyzed decomposition of hydrogen peroxide (H 2 O 2 ) has been extensively developed for environmental remediation (Bokare & Choi ) . The combination of H 2 O 2 and Fe 2þ is usually known as the classical Fenton reaction. However, this system has some inherent drawbacks: (i) an additional separation process is needed for the removal of iron sludge after the reaction, which results in higher investment cost of reagents and equipments; (ii) a narrow pH range (pH 2-4) is required to trigger the Fenton chain reaction, which necessitates the purchase of acid-resistant equipment; and (iii) the regeneration of catalyst is impossible, which also causes a higher cost. Hence, the classical Fenton reaction must be modified and improved in order to overcome these drawbacks. As an efficient and economical alternative, Fenton-like systems driven by heterogeneous catalyst have been developed in recent decades (Cihanoglu et al. ) .
In regard to the heterogeneous Fenton-like system, iron ions are contained in the solid structure or adsorbed on the solid surface; therefore the catalytic oxidation reaction generally happens at the solid-liquid interface (Wang et al. ) . The use of solid catalysts can improve the Fenton reaction by (i) enhancing the reaction rate; (ii) modifying local effective pH; (iii) protecting active sites from the complexation or deactivation; and (iv) providing more selective attacks on target pollutants (Perathoner & Centi ) . For the heterogeneous Fenton-like system, one of the most important issues is to develop a highly active catalyst with long-term stability and low cost (Hartmann et al. ) . Thus, natural iron-containing mineral is the desired choice to act as heterogeneous Fenton catalyst. Furthermore, inorganic material with special crystal structure can behave as the iron supporter to initiate the Fenton reaction. Versatile iron can exist in different valence states and thus various solid materials can be formed with different structures, such as wüstite (FeO), hematite (α-Fe 2 O 3 ), maghemite (γ-Fe 2 O 3 ), goethite (α-FeOOH) and magnetite (Fe 3 O 4 ). Since iron-containing minerals are widely distributed in the earth's crust, they can be used as the natural catalyst for in situ remediation of soils and groundwater when large amounts of H 2 O 2 are used to construct the Fenton-like system (Teixeira et al. ) . However, in the mineral-catalyzed Fentonlike system, the decomposition rate of organic pollutants is proven to be slow. Therefore, the assistance of ultrasonic or ultraviolet irradiation is usually employed to accelerate the reaction rate (Muruganandham et al. ) .
Schorl is an end member mineral belonging to the tourmaline group, and is a natural iron-containing mineral with unique characters of pyroelectricity and piezoelectricity (Hawkins et al. ) . Schorl can generate a selfpolarization electric field, when a tiny change in external temperature or pressure happens. Research has shown that, according to the model prediction, the oxidation rate of organic compounds in a mineral-catalyzed Fenton-like system could be enhanced by the electrostatic effects (Kwan & Voelker ) . Inspired by this, we believe that the self-polarization electric field generated by schorl can strengthen the Fenton-like reaction. Our group has carried out extensive research on the heterogeneous Fenton-like system catalyzed by natural schorl, including removal efficiency of phenol and organic dyes, kinetics, role of schorl's electrostatic field, mechanism and process optimization (Xu et al. , a, b, a, b) . We found that the Fenton-like reaction could be efficiently catalyzed and enhanced by natural schorl; however, the superfine schorl powder (SSP) was difficult to separate from solution after reaction. Increasing the particle size of schorl could realize its easy separation from solution, but the catalytic activity of schorl remarkably decreased due to the reduction of its surface area. Hence, in this work, porous schorl ceramisite (PSC) was prepared and employed as the heterogeneous Fenton-like catalyst with high catalytic activity and easy separation.
EXPERIMENTAL Preparation of PSC
SSP in the size range of less than 75 μm (sieved through 200 mesh) was purchased from Wuhua-Tianbao Mining Resources Co. Ltd, Inner Mongolia, China. This natural sample was directly used in the preparation of PSC and Fenton-like reaction without any treatment. In the general procedure of PSC preparation, the obtained SSP was fully mixed with a certain amount of clays, fluxing agent, and pore-forming agent. Afterwards, the mixture was put into a muffle oven and heated at the temperature of 570-600 W C for 60 min. After cooling to room temperature, the hard product was crushed into small pieces. Then, the millimetrescale PSC particles were collected for the Fenton-like catalyst.
Characterization techniques
The mineral compositions of SSP and PSC were identified by X-ray diffraction (XRD), which was implemented on a Rigaku D/max-3B X-ray diffractometer (Cu-K α radiation; λ: 0.15418 nm; 2θ: 10 W -80 W ; working voltage: 40 kV; working current: 30 mA). The chemical groups in SSP and PSC were detected by Fourier transform infrared spectroscopy (FTIR), which was executed on a Nicolet Nexus infrared spectrometer after mixing SSP or PSC sample with spectroscopic grade KBr (300 mg). The microscopic morphologies of SSP and PSC were observed by field emission scanning electron microscopy (FESEM), which was realized on an FEISirion200 scanning electron microscope with a high-resolution digital camera.
Fenton-like experiment procedure
The organic dyes methyl orange (MO) and methylene blue (MB) were used as the target pollutants for the Fenton-like experiments. In the general procedure, the stock solutions of MO and MB with the initial concentration of 100 mg/L were prepared respectively, and then diluted to the required concentration for the Fenton-like experiments. The medium pH was adjusted by adding droplets of NaOH or HNO 3 diluted solution. Then, the catalyst was weighed and placed into 100 mL dye solution with required concentration. After a certain amount of 30% w/w H 2 O 2 was added, the heterogeneous Fenton-like experiment was in operation under magnetic stirring. Five millilitres of the reaction solution was collected at regular time intervals to measure the dye concentration using a 752-type UV-vis spectrophotometer at the maximum wavelength of 460 and 665 nm for MO and MB, respectively. The discoloration ratio (η) of a dye was obtained by the following equation:
where C 0 is the initial dye concentration and C t the residual dye concentration at reaction time t. The detection of chemical oxygen demand (COD) in solution was implemented by fast-digestion spectrophotometric method (Chinese Standard HJ/T 399-2007). The residual dye solution after different reaction periods was also analyzed by UV-vis absorption spectra (USB4000 UV-vis spectrometer, Ocean Optics). Furthermore, random tests were repeated under different operating conditions with the aim to check the reproducibility of these experimental results.
Experimental design and analysis of process optimization
The central composite design (CCD) under response surface methodology (RSM) was used to design the experimental conditions and optimize the process of MB discoloration in heterogeneous Fenton-like reaction catalyzed by PSC. The experimental design, mathematical modeling and process optimization were performed by Design-Expert 8.0.7.1 software (Stat-Ease, Inc.). Four factors, namely, solution pH (X 1 ), H 2 O 2 concentration (X 2 , mM), catalyst dosage (X 3 , g/L) and reaction time (X 4 , min) were selected as the independent variables. The output variable (response) was MB discoloration ratio (%). For statistical calculations, the variables X i were coded as x i according to the following equation (GilPavas et al. ):
where x i is the code value, δX the step change, X 0 the value of X i at the center point, and X i the uncoded value. The experimental levels and ranges of the independent variables are presented in Table 1 , which were determined by our preliminary studies. A second-order regression model was applied to analyze and fit the responses of independent variables, as given in Equation (2) 
where Y is the response (MB discoloration ratio), X i and X j the input variables that affect the response (Y ), β 0 the intercept constant, β i the first-order regression coefficient, β ii the second-order regression coefficient indicating the quadratic effect of factor I, and β ij the interaction coefficient between factors i and j.
RESULTS AND DISCUSSION
Characterization of PSC Direct observation indicated the millimetre-scale PSC particles were successfully obtained by solid-phase sintering method. Figure 1 presents the digital images of SSP and PSC. The superfine powder of schorl is grayish-green in color and displays the characteristic aggregation phenomenon of a superfine material, while the color of PSC is dark gray and its size is in millimetre scale. Larger size of PSC can make it be easily separated from solution after being used. XRD results reveal that the SSP sample has the typical trigonal structure of schorl (JCPDS 85-1811) and the impurity mineral in SSP is identified as quartz (JCPDS 85-794) (Xu et al. a) , as shown in Figure 2 . In the XRD pattern of PSC, the diffraction peaks are all ascribed to schorl, indicating that the crystal structure of SSP was not destroyed during the sintering process. The diffraction peak of quartz in the PSC XRD pattern disappears because of its congruent melting with the fluxing agent. Figure 3 illustrates the FTIR spectra of SSP and PSC, from which it can be distinctly seen that the characteristic absorption bands of SSP are all ascribed to those of schorl, consistent with the reported results of Prasad & Sarma () . The band assignments of tourmaline have been previously investigated by Reddy et al. () . PSC specimen has no obvious changes in the position of FTIR bands. FESEM images show that the shape of SSP is hexagonal prism or irregular granule with a trace of mechanical damage (Figure 4(a) ); PSC is irregular in shape and much larger in size than SSP (Figure 4(b) ), and under high magnification, large amounts of micropores can be seen on the surface of PSC (Figure 4(c) ), which are beneficial to increase the surface area and enhance the Fenton-like catalytic activity of PSC. 
Fenton-like catalytic performance and kinetics
A series of control experiments were conducted to evaluate the Fenton-like catalytic performance of as-obtained PSC for the discoloration of different dyes. Figure 5 displays the adsorption and Fenton-like discoloration of MO and MB by PSC. More than 70% of MB can be adsorbed by PSC at 180 min reaction time, which is much higher than the 8% of MO. The possible reason for this difference might be that MB and MO molecules are positively and negatively charged, respectively. PSC microparticles possess negative charges on the surface because of the addition of clays during the preparation process, which might facilitate the adsorption of positively charged MB molecules via the electrostatic attraction. At the same time, the discoloration ratio of MB by PSC-catalyzed Fenton-like reaction is higher than that of MO under the identical conditions. In a heterogeneous catalytic system, the reaction process usually includes two successive steps, the diffusion of the reactants to the surface of the catalysts and subsequently the degradation of the reactants into intermediates or products (Hu et al. ) . Thus, more adsorbed MB molecules can contribute to more degradation of MB in the heterogeneous Fentonlike reaction. Furthermore, it should be noted that, for either MB or MO, the discoloration of dye by heterogeneous Fenton-like reaction is much higher than that by adsorption only. This implies that PSC can work as a highly efficient heterogeneous Fenton-like catalyst and it is the Fenton-like reaction that governs the discoloration of dyes.
Another control experiment was operated for MB discoloration in heterogeneous Fenton-like reaction catalyzed by SSP and PSC respectively and the results are shown in Figure 6 (a). The data clearly reveal that the Fenton-like catalytic activity of PSC is much higher than that of SSP. This phenomenon might be attributed to the microporous structure of PSC, which can increase the surface area and active Fe site of catalyst and thus enhance its Fenton-like catalytic activity (Jamalluddin & Abdullah ) . Afterwards, the kinetics of MB discoloration in PSC-H 2 O 2 and SSP-H 2 O 2 systems was investigated in this study. The pseudo-first-order kinetic model is usually employed for the kinetic analysis of heterogeneous Fenton-like reaction catalyzed by porous materials (Du et al. ) . The linear equation of the pseudo-first-order kinetic model can be expressed as follows: ln(C 0 /C) ¼ k 1 t, where t is the reaction time (min), k 1 the reaction rate constant (min À1 ), and C 0 and C the concentrations of MB at the time of 0 and t min, respectively. The plots of ln(C 0 /C) against t are displayed in Figure 6(b) , where it can be found that the time evolutions of MB discoloration in both PSC-H 2 O 2 and SSP-H 2 O 2 systems follow pseudo-first-order kinetics, ln(C 0 /C ) ¼ 0.02546 t þ0.6609 (adjusted R 2 ¼ 0.91782) and ln(C 0 /C ) ¼ 0.00788 t þ0.1678 (adjusted R 2 ¼ 0.91462), respectively. It is worth noting that the reaction rate constant k 1 obtained in PSC-H 2 O 2 system is 3.23 times as large as the one in SSP-H 2 O 2 system. This suggests that the Fenton-like discoloration of MB catalyzed by PSC is much faster than that catalyzed by SSP. Moreover, as shown in Figure 6 (c), nearly 97.6% COD in MB solution can be removed after 180 min reaction, which implies that almost all the MB molecules are decomposed into H 2 O and CO 2 in PSC-H 2 O 2 system. And the UV-Vis absorption peak of MB solution after different periods in PSC-H 2 O 2 system gradually weakens (inset in Figure 6(c) ), also indicating a nearly complete decomposition of MB molecules.
Process optimization by CCD under RSM
In this study, the process optimization of MB discoloration in heterogeneous Fenton-like reaction catalyzed by PSC was operated by CCD under RSM. Thirty experiments with four factors and five levels for each variable were designed and the results are listed in Table 2 . Among these thirty experiments, six experiments were repetition of the central point . The similarity of the response values of these six experiments can act as an indicator of the accuracy of the experiment process (Xu et al. a) . The experimental and predicted results obtained from the present design are also listed in Table 2 . In order to predict the optimal parameters of MB discoloration, a second-order polynomial equation was established to fit the experimental results of response value, i.e., MB discoloration ratio. The obtained polynomial model is shown as follows:
Y ¼ 87:12 À 2:37X 1 À 2:66X 2 þ 15:47X 3 þ 16:00X 4 À 0:47X 1 X 2 À 3:29X 1 X 3 þ 1:05X 1 X 4 þ 0:18X 2 X 3 À 0:68X 2 X 4 À 13:96X 3 X 4 À 4:87X 2 1 À 0:28X 2 2 À 6:46X 2 3 À 6:30X 2 4 (3) Statistical testing of this model was implemented by analysis of variance (ANOVA) and the results are shown in Table 3 . These data indicate that the derived quadratic polynomial model is significant. Figure 7 suggests that the predicted discoloration ratios of MB match well with the experimental values, also indicating a high significance of this polynomial model.
The 3D response surface graphs for the interaction of two variables are presented in Figure 8 (a)-8(f) with different interactions of (i) solution pH (X 1 ) and H 2 O 2 concentration (X 2 ), (ii) solution pH (X 1 ) and catalyst dosage (X 3 ), (iii) solution pH (X 1 ) and reaction time (X 4 ), (iv) H 2 O 2 concentration (X 2 ) and catalyst dosage (X 3 ), (v) H 2 O 2 concentration (X 2 ) and reaction time (X 4 ), and (vi) catalyst dosage (X 3 ) and reaction time (X 4 ), respectively. From these response surface diagrams, it can be observed that the interactions between two independent variables are not significant, because the curvature of three-dimensional surfaces is unobvious (Xu et al. ) . These space graphs reveal that MB discoloration ratio increases with the catalyst dosage and reaction time increasing, and with the medium pH decreasing. Nevertheless, with the increase in H 2 O 2 concentration, MB discoloration ratio first increases and then decreases. As expected, the increase of H 2 O 2 concentration leads to an increase in Fenton reaction activity, attributed to the increase of •OH amount (Xu et al. a) . But this does not mean that the higher the H 2 O 2 starting concentration is, the higher the discoloration ratio of MB is. With the continuous increase in H 2 O 2 starting concentration, the generated active •OH would be consumed by excess H 2 O 2 according to the Haber-Weiss cycle (Xu et al. b) . Hence, MB discoloration ratio would decrease when H 2 O 2 was excessively added. The activity of this heterogeneous Fenton system for MB discoloration increases with the increase of catalyst dosage. The possible reason for this behaviour is that, on one hand, more catalyst can provide more exposed active Fe sites on the catalyst's surface to accelerate the generation of •OH through heterogeneous catalysis; on the other hand, more catalyst can make more Fe ions dissolve from the solid and accordingly prompt the decomposition of more H 2 O 2 through homogeneous catalysis (Xu et al. ) . Meanwhile, MB discoloration shows a strong dependence on the medium pH. When the pH value decreases, MB discoloration ratio increases. The reaction activity of this heterogeneous Fenton-like system seems to be highest at around pH 2. According to the model prediction, the optimum parameters for MB discoloration in PSC-H 2 O 2 system were determined to be that solution pH was 2.2, H 2 O 2 concentration 9.85 mM, catalyst dosage 6.98 g/L, and reaction time 99 min, with the maximum predicted MB discoloration ratio of 100.00%. The corresponding experimental value of MB discoloration ratio under these optimum parameters was determined to be 99.65%, which highly approaches the predicted one with the absolute deviation of 0.35%. Figure 8 | 3D response surface diagram of MB discoloration ratio (Y ) as the interaction of (a) solution pH (X 1 ) and H 2 O 2 concentration (X 2 ), (b) solution pH (X 1 ) and catalyst dosage (X 3 ), (c) solution pH (X 1 ) and reaction time (X 4 ), (d) H 2 O 2 concentration (X 2 ) and catalyst dosage (X 3 ), (e) H 2 O 2 concentration (X 2 ) and reaction time (X 4 ), and (f) catalyst dosage (X 3 ) and reaction time (X4).
